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Abstract: This study examined the performance of the virtual reality (VR) sketch modeling tool Gravity Sketch in the early stage of design and explored its advantages and
disadvantages. In the experiment, nine graduate students in the field of design with
several months of experience with Gravity Sketch sketched ideas in VR and on paper.
Qualitative analysis was performed using retrospective methods and grounded theory.
The results revealed that fewer sketches were produced and less time was spent on
design thinking in VR than on paper because (1) sketches created using the VR tool are
three-dimensional models and (2) the high degree of simulation results in low-ambiguity visual information. The VR users subconsciously strove for accuracy when creating sketches. This suggests that the three-dimensional adjustability of VR sketching
makes it suitable for the later stages of personal sketching.
Keywords: virtual reality (VR); sketch; product design; computer-aided design (CAD)

1. Introduction
Young design students are increasingly averse to using pen and paper to visualize their ideas
(Aldoy & Evans, 2011) and often rely on computer-aided design (CAD) software such as Rhinoceros 3D(Robert McNeel & Associates, Seattle, Washington, United States) and AutoCAD(Autodesk, California, U.S.) to develop their concepts. Breakthroughs in immersive hardware devices have led to high screen refresh rates and intuitive feedback mechanisms that
create realistic and highly sensitive interactive experiences for designers. In addition to penand-paper sketching and computer modeling, designers use virtual reality (VR) sketching
software such as Gravity Sketch (Gravity Sketch, London, United Kingdom) to contour
shapes, draw surfaces, simulate materials and colors, and perform other tasks in a three-dimensional (3D) space. VR sketching provides industrial designers with new design tools to
This work is licensed under a Creative Commons Attribution-NonCommercial
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develop and express their ideas. This study considered the output of digital modeling as virtual prototypes, which are divided into low-fidelity prototypes and high-fidelity prototypes
on the basis of the accuracy of the tool employed. High-fidelity prototypes are constructed
using CAD software such as Rhinoceros 3D and Creo and are often used in mass production
and the late design stages. However, this study investigated the role of virtual prototypes in
the early design stages by exploring low-fidelity, high-ambiguity models. First, this study determined the role of pen-and-paper sketching in the design process by reviewing the literature related to CAD. Subsequently, this study examined the role of VR sketching software in
the early design stages.

2. Literature Review
With the rapid advancement of technology, digital tools have been adopted in most design
processes. However, several studies have indicated that sketching remains crucial in the
early design stages. Ambiguity in sketches prompts designers to produce new ideas. Cross
(1999) noted that ambiguity in design ensures the design process is open and flexible and
encourages designers to produce a range of solutions and ideas for the next stage. Verstijnen (1997) indicated that ambiguous images evoke curiosity, aesthetic speculation, and
imagination, resulting in pleasure.
Designers often sketch abstract concepts from multiple perspectives and produce lateral and
vertical translations of ideas through sketching (Purcell & Gero, 1998). Cross (1999) noted
that designers sketch to visualize critical details, deconstruct problems through lateral thinking, and convey their intentions. Sketching enables designers to alter their ideas and identify
solutions. Pei et al. (2011) described various types of sketches used in product development,
such as personal sketches, shared sketches, and persuasive sketches. Personal sketches are
produced at the beginning of the design process, usually in large numbers with simple
shapes and colors to present the key elements of a design. Shared sketches are used to convey design information and stimulate discussion, helping the design team to reach a consensus. Persuasive sketches convey a realistic, high-fidelity, low-ambiguity representation of the
final product. Personal sketches can be drawings of concrete design concepts, exploration of
shapes and appearances, records and observations, or references to other design concepts.
Personal sketches are related to the ideation process in the early design stage; this is the
main focus of this study.
CAD software is crucial to the design process because models, materials, and colors can be
modified and annotated digitally. Digital tools are often favored in the early design stages.
However, Hummels et al. (1997) noted that the use of CAD software represents a cognitive
approach; that is, software users follow a set of strict guidelines when inputting parameters
and generating models to reduce ambiguity. Thus, CAD can be used to create highly realistic
prototypes in the middle and late design stages, but it does not offer the flexibility required
for the development stage.

2

Performance of virtual reality tool for personal sketch modeling

Although studies have indicated that the complex input process of modeling software restricts the development of ideas, breakthroughs in VR technology such as Gravity Sketch
have generated new possibilities for 3D sketching. VR provides a digital space with a high degree of freedom and interactivity for the development of new ideas. Aurel (2011) observed
that immersive environments provide architects with an opportunity to express, explore,
and communicate their ideas. Marzal et al. (2013) conducted experiments with 3D sculpture
software (ZBrush), which offers the flexibility, freedom, and intuitiveness of sketching. They
reported that the participants behaved as if they were sketching. However, the participants
adopted a vertical thinking approach to their creations and mainly adjusted details in the design. The high-information sketches they produced lacked the ambiguity and variety required during the early idea development stage. These results were supported by
Ranscombe and Bissett-Johnson (2016). Although digital sketch modeling, which combines a
digital tablet (Adobe Photoshop) and CAD software (Rhino and Solidworks), guides designers
through drawing contours and lines with the correct perspective and proportions, the high
integrity of the 3D model causes users to become highly dependent on the functions provided by 3D modeling software. This hampers the generation of new ideas. In addition, when
using such software, the completeness and aesthetics of the sketches are overprioritized,
and most of the time is spent on adjusting the details, which is not suitable for the early
stages of idea development. Therefore, digital sketching should be used as a link between
pen-and-paper sketching and 3D modeling during the concept selection stage rather than
the concept generation stage of the design process.

Figure 1. Schematic of digital sketching applied to the design stage (Ranscombe & Bissett-Johnson,
2016).

Lorusso et al. (2020) conducted a study in which three nondesigners of various professional
backgrounds used VR design software (Gravity Sketch) and VR sculpture software (Kodon)
and compared them with conventional sketching tools. In interviews, the participants indicated no substantial difference in quality between the results of VR sketching and those of
conventional sketching. In another study, 27 graduate students in design applied Gravity
Sketch to product design without being fully trained in the software (Joundi et al., 2020). The
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results indicated that the learning was steep (especially for the controllers). Without a clear
mental image of the product, the participants struggled to design it in VR. However, Gravity
Sketch aided in shaping ideas because it enabled modification and evaluation. Therefore, VR
can potentially aid in the design process.

3. Research Methods
This study explored the advantages and disadvantages of VR as a design platform in the early
ideation stage and compared them with those of pen-and-paper sketching. Unlike the equipment in the experimental designs in Marzal et al. (2013), Ranscombe et al. (2016), and Lorusso et al. (2020), the participants had limited experience with the tools employed in the
study. VR devices and interfaces have progressed considerably, which enabled us to recruit a
sufficient number of trained participants for our experiment. We purposefully sampled individuals with various degrees of familiarity with Gravity Sketch after 4 months of experience
(Figure 2). Two subexperiments were conducted: pen-and-paper sketching and VR sketching.
After the experiment, retrospective interviews were conducted with the participants as they
watched videos of themselves sketching. The interviews were audio and video recorded,
transcribed, and organized by theme through open coding, axis coding, selective coding, and
other procedures in NVivo 12 (Qualitative Data Analysis Software, QSR International, Melbourne, Australia). These data treatments involving the steps of data collection, conceptualization, and integration in grounded theory helped us systematically investigate the possibility of integrating VR software into design education.

Figure 2. Example of a VR car sketch drawn by participant D3.
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Objectives: to identify differences in efficiency, the role of ambiguity, lateral and vertical
thinking, and effectiveness between VR sketching and conventional pen-and-paper sketching
in personal sketch.
Materials: three VR devices (Oculus Quest 2 (Facebook, Inc.) with OCULUS link connection
and Gravity Sketch), 50 sheets of A3 paper, 10 2B pencils, 5 black and blue ball pens, 5 erasers, 2 laptops (containing the questionnaire and interview data), and 2 mobile
phones(12,000,000 pixels; ≥60 fps).
Stimuli: in Experiment 1 (design theme: computer mouse), three reference images were provided on sheets of A3 paper: similar products (five products from different angles), appearance details (16 details of similar products), and a full-scale 3D mechanism (isometric 3D,
top, front, and side views and size specifications, allowing for free tracing and drawing). In
Experiment 2 (design theme: Bluetooth earphone), three reference images were provided in
Gravity Sketch in addition to a 3D model of the basic mechanism of the earphone.
Participants: Nine graduate students aged 23 to 25 years were recruited through intentional
sampling. Seven participants (D2–D8) had received 4 months of Gravity Sketch training, and
three (D4, D6, and D7) were familiar with the older interface. Participant D1 had only 1
month of experience, and Participant D9 was a frequent user, with more than 16 months of
experience.
Procedure: The researchers informed the participants of the purpose, content, and topics of
the experiment and provided them with the reference images (10 min, including a review of
the VR software). Subsequently, the participants used either a pen and paper or the VR
equipment to sketch for 30 min, during which time the researchers video recorded the participants’ hand movements for later use in the interviews. The first part lasted approximately
40 min. After the experiment, the participants were interviewed as they watched the recorded videos. The interviews were audio recorded. The second part lasted approximately 80
min.

Figure 3. Experiment procedures.
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4. Results
4.1 Basic data analysis
Figure 4 presents example sketches of Object D on paper and in VR. The simple statistics revealed that in the 30-min sketch time, the average number of sketches drawn in VR was considerably lower (five times) than that of sketches drawn on paper (Table 1).Participants used
substantially more time to draw a single sketch in VR than to draw a sketch on paper (Table
2). The participants’ questionnaire responses indicated that they were less familiar with VR
sketching than with paper sketching (2.8 vs. 3.6) and that VR sketching was more suitable for
vertical thinking than for lateral thinking (3.5 vs. 2.5) (Table 3).

Figure 4. Participant D8’s paper (left) and VR (right) sketches.

Table 1. Number of paper and VR sketches for each participant.
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Table 2. Average time for each participant to complete a sketch on paper and in VR.

Table 3. Participants’ average self-evaluated performance scores (highest score is 5 points).
Question

Pen and paper

VR

How skilled are you in using this tool?

3.6

2.8

Does this tool aid in lateral thinking?

4.1

2.5

Does this tool aid in vertical thinking?

3.8

3.5

We marked each sketch and time period as relating to lateral or vertical thinking, and the results revealed two main strategies (Figure 5). One strategy was to produce a few sketches
(D4 and D5), with D4 serving as the representative. The other strategy was to draw as many
sketches as possible and then select the preferred one (D1, D2, D3, D6, D7, D8, and D9), with
D9 serving as the representative. During pen-and-paper sketching, most participants were
unaware of whether they were engaging in lateral thinking during each stage. For VR sketching, lateral thinking was observed only in the initial stage of ideation, in which the participants drew curves to rapidly develop ideas and spent most of their time editing the curves
and surfaces to develop a single concept.
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Figure 5. Lateral and vertical thinking of D4 and D9 during 30-min paper and VR sketching exercises.
Table 4. Overview of open coding and axis coding
Axis codes

Subcategories

References

Examples

1. Behaviors

1-1 Constantly adjusting sketches and objects

145

D3: “This sketch was a bit too big, so I
shrunk it.”

1-2 Adjusting perspectives

30

D4: “I zoomed in to see it; otherwise, I
couldn’t see it clearly.”

1-3 Preparing for
sketching and modeling

5

D4: “I moved the reference image to
where it would be easy to see.”

1-4 Drawing supporting lines

9

D6: “I’ll make the grid first so that I can
draw in the right perspective.”

1-5 Being unsatisfied
with a sketch

62

D5: “I erase parts I don’t like.”

1-6 Selecting the angle

43

D5: “I chose this angle because it helps me
emphasize minor details.”
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2. Thoughts

3. Hand-driven
and minddriven sketching

4. Viewpoints

1-7 Making notes on
paper or in VR

30

D5: “You need to add some text to help
people understand.”

1-8 Drawing shadows

21

D8: “I can’t figure out what to do next, so
I’m drawing shadows.”

1-9 Overlaying
sketches and references

7

D7: “Overlays make me worry less about
perspective, so I use it as a foundation.”

1-10 Referring to the
reference image

73

D1: “I took a look at the reference picture
here (Picture 8), and I think it’s pretty
good.”

1-11 Learning about
VR modeling

2

D1: “I didn’t know how to use this tool, so
I asked you.”

2-1 Worrying about
time

14

D7: “Time was almost up, so I left it like
that.”

2-2 Worrying about
quality

36

D1: “This sketch is a little rough, so I want
to add some details.”

2-3 Unfamiliarity with
software

19

D7: “I don't know how to select an entire
row of control points here.”

2-4 Negative thoughts

34

D8: “I feel like I’m wasting time.”

2-5 Reminding themself not to be too
careful

12

D9: “It won’t matter if I spend more time
on this part. It’s better to draw as much as
possible.”

2-6 Evaluating the
sketch

12

D4: “I think this one looks better, and I like
it more than the one before.”

2-7 Remarking that
VR is appropriate for
the task

4

D8: “It’s easier to figure out the proportions of the sketch when it’s three dimensional.”

2-8 Remarking that
VR is not appropriate
for the task

12

D7: “If I want to make a small chamfer, I
can draw it on paper very quickly, but in
VR, I have to think about which tool I
should use, which takes time.”

3-1 Pen following
mind

77

D3: “I have an idea in my mind that I can
recreate through drawing.”

3-2 Mind following
pen

80

D4: “I’m just adjusting it and seeing what
shapes I can make.”

3-3 Clear mental image

71

D8: “The image in my mind is pretty clear,
so I want to draw it.”

4-1 Objective

7

D9: “The sketch should be as rough as possible so that I can really use my creativity.”
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5. Personal
sketching habits

5-1 Overlaying

2

D8:“I often start exploring designs by adding layers onto existing products [on an
iPad].”

4.2 Advantages of personal sketching on paper
After open coding, tree coding, and selective coding the interviews, we extracted several key
points; Table 4 presents the open coding and axis coding processes.
For paper sketching, the participants exhibited lower standards for cohesion and accuracy.
Some participants created sketches that were only recognizable to themselves (D1, D2, D3,
D6, D7, D8, and D9). The participants used light lines in the initial stage, and their concepts
became clearer as more lines appeared. When a participant accidentally drew a heavy line,
they would erase it, thus reducing the time available to modify the drawing (D3 and D7).
Even if the participants were unsatisfied with certain elements of their drawings, they consistently proceeded to the next element. Most participants used perspective to draw thumbnail pictures and used a front, side, or top view to depict a particular part of the design. This
is because a 2D sketches only require a single perspective. We identified three advantages of
pen-and-paper sketching through coding and analysis based on grounded theory.
•

Participants reduced the scope of their drawing to focus on individual design ideas.

•

Sketching from various angles helped the participants develop their abstract ideas.

•

The participants were able to effectively depict certain characteristics in a short
amount of time.

4.3 Inefficiency of VR personal sketching
We found that the 3D nature of VR sketching forced the participants to interpret their
sketches from 360° (D2, D3, D4, D5, D6, D8, and D9). When the participants rotated an object or changed the viewing angle, they often discovered shapes, curves, and surfaces requiring adjustment. Participant D2 noted, “Some curves were not well connected, and there
were gaps at certain angles that needed fixing”. Although the participants created personal
sketches, they expected their sketches to be viewed in 3D. Participant D8 stated, “I’m afraid
that people will think I drew like this on purpose”. Although this fear was expressed during
both experiments, it was more commonly expressed in the VR experiment. Therefore, several participants used SubD surfaces for VR modeling.
The smoothness, light, and shadow of the surface of a 3D object can be visually distinguished, which results in personal sketches lacking ambiguity in the early stages. Unlike penand-paper sketching, low-ambiguity VR presents 3D results to designers prematurely. This
prompts designers to focus on whether their sketches are realistic (e.g., ensuring the surfaces and curves are smooth). Participant D4 remarked, “If I don’t deal with it, I won’t feel
satisfied” and “It blocks my flow of ideas because I subconsciously care about whether a
curve is smooth. If it’s not, I make sure it is”. Gravity Sketch is similar to modeling software in
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this regard. Participants D1 and D6 also stated, “I feel like I’m taking so much time to do
something that can be easily expressed on paper” and “Of course I want to draw a rough
sketch, but I have to adjust all these details”.
During VR sketching, participants adjusted curves and surfaces by using the control mechanism, which reduced efficiency. When the participants attempted to smooth curved surfaces, adjustment of the control mechanism became time consuming. By contrast, welltrained designers can rapidly outline shapes with lines produced by moving the wrist and elbow during pen-and-paper sketching to draw 3D objects on paper.

4.4 VR increases mental load and affects design thinking
During VR sketching, the participants spent a large amount of time learning the proper commands to construct objects as they would in modeling software. VR sketching is more complicated than pen-and-paper sketching and requires a high degree of familiarity with the
software. Users must also concentrate to smooth curved surfaces and adjust their sketches.
These processes lowered the participants’ satisfaction and output. Participant D5 noted, “I
was so focused that I couldn’t think about the next sketch”. During pen-and-paper sketching,
the participants successfully drew edges and shadows while thinking about the next sketch
(D2–D9). Participant D7 remarked, “I chose some commands such as revolve, sweep, and
align, but the results were different from what I was expecting”. Some participants required
assistance (D1, D3, and D7), and others learned of more efficient VR sketching methods only
after the experiment (D1, D3, D7, and D9). This suggests that some participants were unfamiliar with VR. The differences between the sketches of D8, who had experience with Gravity Sketch, and those of D4, D6, and D7, who were only familiar with the old version of the
interface, are prominent. This may be because the software is updated periodically and the
layout constantly changes, requiring users to practice consistently to gain proficiency.

4.5 Sketching and modeling in VR
The participants mostly engaged in vertical thinking during VR sketching; this is similar to users’ behavior during 3D modeling with software (e.g., Rhino, alias, and fusion360), but VR
does not offer Boolean operators and surface trimming. However, VR modeling provides a
higher degree of freedom than does modeling software, similar to the experience of molding
clay or polyurethane foam. Some participants expressed that the VR objects were similar to
clay models but easier to control (D6, D8, and D9). This suggests that the participants intuitively compared VR with 3D modeling software.

4.6 Advantages of VR personal sketching
Although VR is not suitable for the initial sketching stages, the participants agreed that VR
enabled a 3D view of the drawing, whereas pen-and-paper sketching requires drawing from
multiple perspectives (D1–D9). We identified several advantages of VR sketching.
•

Higher degree of freedom and efficiency than modeling software (D1–D9).

11

Ming-Huang Lin, I-Chen Chiang, Ling Lee, Xuan Hao

•

Simple color and material simulations that enable users to evaluate their designs.

•

Model duplicability and editability.

5. Discussion
The participants considered VR appropriate to explore shapes after generating preliminary
ideas and rough thumbnail sketches (D1–D6, D8, and D9). With reference to the classification of paper sketches by Pei et al. (2011), VR sketching becomes conducive to vertical thinking and exploratory modeling only after the direction for the late stages of personal sketching is established (Figure 6). The 3D capabilities of VR sketching also make it suitable for
shared sketches, which must be comprehensible to others, and persuasive sketches, which
require a high degree of completion.
All participants had 4 years of experience in full-time design education and knew how to use
Gravity Sketch before the experiment. Some participants suggested that they were satisfied
with the VR sketching process (D5, D8, and D9), which contradicts the results of Lorusso et
al. (2020). The average number of sketches produced using VR was lower than that produced using pen and paper. Therefore, VR should be used for vertical development after
multiple design concepts are generated on paper.

Figure 6. Appropriate time to integrate VR into the design process (based on Figure 1 in Ranscombe &
Bissett-Johnson, 2016).

Only D8 had more than 1 year of experience with VR, and she expressed that VR can be used
to explore multiple stages of the design process. She spent less time adjusting the smoothness of curved surfaces than did other participants. This result suggests that software proficiency can affect the design process. Other participants indicated that depicting products
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was harder in VR than on paper, which is similar to the results of Joundi et al. (2020), who
recruited 27 students with a background in design. These findings may be attributed to VR
being a new tool in design education. The participants were accustomed to using pen and
paper and had little experience with VR. They also assumed that their VR sketches would
eventually be presented in 3D. If they had been told that their sketches would be presented
only through screenshots, they may have spent less time on each sketch.

6. Conclusion
Because determining whether Gravity Sketch was used during the lateral or vertical thinking
phases at the beginning of the study was difficult, we did not limit the advanced tools the
participants could use. Several participants used the subD (subdivision surface, a rapid surface generation tool) function to think laterally, resulting in the tool being used for modeling
more than for sketching. The low ambiguity of the VR sketches prompted the participants to
ensure that the surfaces were realistic. This challenged the participants to expand their lateral thinking in the early stages of the personal sketching. The time spent trying to perfect a
sketch decreased efficiency and prevented the participants from generating numerous
sketches. However, surface tools with high degrees of freedom such as subD helped the participants with less-developed hand-drawing skills explore design through a 3D construction
method similar to pinch shaping a sketch or model, which may lead to the generation of imaginative ideas.
Gravity Sketch is increasingly popular because it can be used to quickly produce 3D drawings
in VR and facilitates outlining intricate shapes. Because it enables users to both sketch and
model and offers a 360-degree perspective, it serves as a bridge between sketching and
modeling (Figure 6). Studies should explore how VR can help transform low-fidelity, highambiguity paper sketches into high-fidelity, low-ambiguity designs. Future studies can consider the skills required for and effects of importing hand-drawn paper sketches into VR and
converting VR drawings to models in late design stages.
Acknowledgments: This work was financially supported by the Ministry of Science and
Technology of Taiwan by grant number 109-2410-H-011-007-MY2. We thank the design
students who participated in our experiment.
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